E-textiles have the potential to be utilised for their tactile qualities, particularly in sensory stimulation applications. However, tactility and aesthetics are seldomly a focus of e-textiles research, as e-textiles research often concentrates on the functional aspects. While there is research in textiles and e-textiles for sensory stimulation, the research rarely takes advantage of textiles production technologies, frequently using handcraft to produce the sensory tools. While these techniques are accessible, they lack scalability, making creating e-textiles for interactive applications less practical. My work focuses on the design of tactile e-textiles, leveraging the benefits of knit technologies in the production of e-textiles. The work aims to produce a range of knitted textile-based e-textiles which balance design aesthetics, functionality and ease of production. This paper outlines the research that has already been conducted, as well as the planned future work as part of this PhD research.
INTRODUCTION
E-textiles have been used in a range of applications, from health tracking garments to artistic pieces that utilise electronics to create dynamic, interactive artworks.
Research in e-textiles has led to more sophisticated ways of integrating electronics with textiles, moving away from the unwieldy integration of electronics and textiles demonstrated in textiles-adapted examples, such as the ICD+ Jacket [14] , to e-textiles that incorporate electronics into the fabric structure to create textiles-based e-textiles. Textile-based e-textiles, such as textiles stretch sensors or touch sensors, have a number of benefits, particularly in wearable applications, due to its ability to conform to the body, its comfort and its appropriateness for garments. However, there are two aspects of textile-based e-textiles that are often overlooked: tactility and aesthetic value. The limited consideration for tactility is not only in the design of textiles-based sensors, but also in illuminating Etextiles. Tactility can be used as a cue for interactive textiles areas, but is also important in sensory stimulation applications; activities designed to activate multiple senses i.e. touch, sight, sound etc. These activities are used to engage people with Autism [3] , and people with Dementia [2; 7] . Aesthetics is important as it serves as a means of making the end product appealing and meaningful to the user. Neglecting aesthetics can result in a design that is inappropriate for the user.
My research explores the design of knitted e-textiles, focusing on the design of textural, tactile e-textiles. This work takes a practice-based approach and aims to produce a range of knitted textiles-based e-textiles, diverse in their appearance, functionality and tactility. The research concentrates on e-textile design as part of the overall design process for an e-textiles product. As such, it gives Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components of this work owned by others than the author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Request permissions from Permissions@acm.org. TEI '20, February 9-12, 2020, Sydney, NSW, Australia © 2020 Copyright is held by the owner/author(s). Publication rights licensed to ACM. ACM ISBN 978-1-4503-6107-1/20/02…$15.00 https://doi.org/10.1145/3374920.3374959 the functionality and the aesthetics of the e-textiles equal importance, in order to produce e-textiles that can meet the user needs. The research also explores the use of knitting technology in the design and production of Etextiles components and products. Computerised knitting machines have the potential to make the production of Etextiles components more efficient. The machines also allow for the production of more complicated knitted structures, such as whole garment production, which in turn can lead to a wider variety of designs.
RELATED WORK
By using different materials and textile structures, the appearance and texture of textile-based e-textiles can be designed to suit the overall design of the product. Researchers have used a range of textile techniques, such as embroidery [10] , felting [13] and knitting [1] to create textiles-based sensors garments and interactive objects. Similarly, illuminating elements have also been incorporated into the fabric structure, such as light emitting diodes [5] and fibre optics [16] . While knit structures have been used in e-textiles, there is scope for further development. Researchers have used the knit to create e-textiles sensors to detect strain [1] , illuminated knitted fabric using optical fibres [11] , and there is also research showing 2.5D texture in e-textiles knitting.
However, the focus of much of the existing work has been on the development of the capabilities of the etextiles, and not on how the design of the e-textiles sensor might fit into the design of the whole product. Examples of e-textiles produced using computer aided processes, e.g. digital embroidery, haven't fully explored the design potential in conjunction with the functional capabilities. For instance, the knitted switches and sensor by Ou et al. 2019 [12] primarily use the 2.5D texture to enable the sensing capabilities, rather than as a conscious aesthetic choice. In contrast, handcrafted e-textiles feature a vast range of forms and textures. These techniques have the benefit of being accessible, as they are limited only by the skill of the maker. However, handcraft processes are timeconsuming in comparison to computer aided processes, making creating large-scale or reproduceable e-textiles products difficult or impractical.
RESEARCH OBJECTIVES
The main aim of the research is to develop a range of knitted e-textiles with a range of visual and tactile designs to fit various interactive application. A secondary objective is to explore how the design of interaction can integrate into conventional textile design practice. This work approaches e-textile design from a textile design perspective. At present, textile designers consider factors such as colour, texture and form in the design, but the addition of interaction is unusual and likely unfamiliar to designers without little or no experience of designing etextiles. As such, this work also explores how to facilitate the design of e-textiles, especially for designers with limited experience in e-textiles or electronics.
METHODOLOGY
The research takes a practice-based research approach, with the author taking on the role of a knitted E-textiles design 'Practitioner-Researcher' [17] , using the development of interactive knitted E-textiles as the "vehicle of the research, and a means to communicate the result" [18] . The research consists of three overarching projects: knitted illuminating polymeric optical fibre, knitted tactile e-textiles sensor, and the interaction modules. For the knitted polymeric optical fibre project and the interaction module project, each is a single project consisting of a number of iterative cycles. However, the knitted tactile e-textiles sensor consists of a number of smaller standalone projects, which will seek to take the knowledge gained from the previous work and build upon it in the subsequent project.
A mixed methods approach is being used for data collection. Qualitative data can be an effective way of evaluating the functional aspect of e-textiles, i.e. sensor readings or textiles properties. There are aspects of etextile design that are more difficult to quantify, like the nature of the human-textile interaction, textile materiality preferences or user preferences. As a result, qualitative data may be more appropriate for this type of information.
WORK IN PROGRESS

Knitted Polymeric Optical Fibre
This project looks at an alternative method of incorporating polymeric optical fibre (POF) into the knitted textiles structure, to create illuminating fabrics. The aim is to push the design of knitted textile design using optical fibres, by exploring how integrating this material into the looped structure changes the knitted fabric, and how the looped structure can affect the illumination. This project also addresses some issues identified in existing work using optical fibres for illumination. The means of integrating POF into a knitted Graduate Student Consortium TEI '20, February 9-12, 2020, Sydney, NSW, Australia textiles structure developed as part of this project integrates the fibres in a more secure fashion when compared to the technique of Inlay. In Inlay, the optical fibres are interwoven between the knitted loops, therefore can shift within the fabric. By using a knitted structure, it is possible to overcome some of the design limitation seen in existing illuminating fibre optic garments due to fabric cutting restrictions. Knitting allows fabric pieces to be knitted into shape, which means that form-fitting garments can be made more easily. A knitted POF jumper ( Figure 1) has been made to demonstrate this [4] . The initial work used a hand flat knitting machine, a hand operated machine, to develop the weft knit structure for knitting POF. Research is underway on transferring this technique to computerised knitting machines to allow the fabric to be produced more easily, with less risk of human error during knitting.
Figure 1. Knitted Polymeric Optical Fibre jumper
Knitted tactile e-textiles sensors
Initial work on knitted tactile e-textiles sensors was developed as part of a co-design project with Hong Kong Sheng Kung Hui Lok Man Alice Kwok Integrated Service Centre. The project involved producing a sensory stimulation tool, Sensory Wall, for an elderly care centre in Hong Kong. My contribution to this project was the design and production of a conductive fringing that was used as a capacitive touch sensor, pictured in Figure 2 .
The conductive fringing was designed to fit into the design of the red Chinese dance lion panel of the Sensory Wall, while providing an interesting texture for users to interact with.
Work following this project has built upon the areas for improvement identified within this project, as well as addressing gaps in the existing research. These key areas are functionality, appearance and ease of production. Research investigating the effect of different textiles structures on capacitive sensor readings has resulted in knowledge gained on how to create e-textiles capable of sensing different types of physical interactions. Through using twisting or braiding to create conductive yarns, it is possible to create e-textiles that can distinguish between a light touch or a grab interaction. This function can be used to create sensory tools with complex interactivity.
Figure 2. Sensory Wall at Gerontech 2018, Hong Kong
Handcrafted e-textiles can have a 'crafty' appearance. In some situations, this may be a desired effect. However, it can look unpolished. Using machine knitting can improve the quality of finish, as well as making the etextiles design easier to reproduce. As with the knitted optical fibre project, the initial samples, including the conductive fringing, were produced using a hand flat knitting machine. Current work is exploring the use of computerised knitting machine to combine textured knitted touch sensors and a pictorial design in a single knitting process to reduce the steps in the assembly process. There are plans to incorporate optical fibres into this work to develop a means of incorporating e-textiles input (sensors) and outputs (illumination) into a single fabric into a single process.
Interaction Module
The interaction modules were developed in order to facilitate the design of interactions in the E-textiles. Researchers have tackled issues related to difficulties prototyping e-textiles, such as the need for a temporary method of attaching E-textiles components [6; 8; 9] , and for testing materials [15] . In contrast to the existing research, the e-textiles interaction modules focus more on facilitating the decision making in e-textile designs by demonstrating interactive functions quickly and easily. The design requirements for the interaction module were devised following previous experiences working with etextiles, as well as observations on the practice of other etextiles practitioners. It was found that existing setups for Graduate Student Consortium TEI '20, February 9-12, 2020, Sydney, NSW, Australia prototyping e-textiles sensors can be cumbersome and are not very portable. As such, it can be difficult to demonstrate functioning e-textiles sensors in design workshops or other off-campus situations.
Figure 3. Second versions of the interaction Modules
The interaction modules are used to visualise the interaction with the e-textiles fabric through a device that is portable and simple to use. The e-textiles fabric sample is connected to the device using crocodile clips. The device undergoes a calibration phase before allowing the interaction to be visualised. One calibrated, the module will produce visual and audio feedback as a result of the manipulation of the fabric sample. The first and second version of the design used resistive sensing. The second versions of the interaction module tested the different means of visualising the interactions i.e. brightening and dimming light, and a LED gauge. The LED gauge was found to be the clearest way of visualising the interaction. A third version refines the design, and adds programming for capacitive sensing, as this is also frequently in etextiles touch sensors.
Following the design of the latest version of the interaction modules, there are plans to test the modules in various situations, such as in demonstrations, workshops and exhibitions. The usability and functionality of the modules will be evaluated, which may lead to further refinements in the design. The ultimate goal of this project is to disseminate the design of the module as an opensource tool.
CONCLUSION
This paper has outlined the initial research into the design of tactile knitted e-textiles, with the illuminated knitted optical fibre demonstrating e-textiles as output, and the knitted touch sensors demonstrating e-textiles as input. Future work aims to build upon the basic machine knitting techniques developed during the initial research, by revising the technique for use on computerised knitting machines. While this work focuses on the development of e-textiles fabrics, it is expected that these designs will be applied to further live projects during the course of this PhD, as was the case with the Sensory Wall project. This would allow them to be evaluated in a realworld context. It is expected that the PhD will be completed by December 2020. It is hoped that this work will encourage the creation of e-textiles for interactive applications by demonstrating a scalable means of producing a diverse range of e-textiles.
